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CHAPTER I

INTRODUCTION

A. Langmuir Films of Quantum Dots
Films of quantum dots (QDs) are utilized in applications such as television displays and solar
cells because they have unique opto-electrical properties [1, 2]. In these applications, the goal is
to arrange the QDs in one or more layers on a solid to produce light or electrical current. The QD
layer needs to be as thin and compact as possible to maximize the amount of energy absorbed and
converted per unit area. The film must also be uniform in thickness so that performance is
consistent throughout the application. These characteristics not only increase performance
efficiency but reduce component size, reduce cost, and facilitate utilization in portable and/or
flexible products.
Spin coating, dip coating [3, 4], nanoimprint lithography [5], layer-by-layer assembly [6],
electrospray deposition [7], photoresist contact pattering [8], spray coating [9], and ink jet
printing [10] have all been reported as methods to produce films of QDs. These methods can all
produce thin films with varying degrees of uniformity in thickness and packing density. None of
them have been demonstrated to be able to produce a uniform, compact, monolayer film of QDs
on a solid surface. They also have one or more disadvantages such as complex/expensive
equipment, repetitive procedures, small coverage areas, excessive material waste, non-uniform
coverage, or inconsistent thickness.
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The Langmuir procedure has demonstrated the ability to achieve a QD film of monolayer
thickness at an air-water interface [11-15]. The QDs are dispersed in a non-polar organic solvent
such as chloroform or toluene and the liquid dispersion is deposited onto a polar immiscible
subphase such as water. The solvent spreads on the surface of the subphase, carrying the QDs
with it. As the solvent evaporates, the QDs assemble on the surface to form a film. The objective
is to cause the film to form a uniform monolayer of QDs on the subphase.
At low surface pressures, such as those that exist when the Langmuir film is deposited in
an unconstrained system, numerous defects such as gaps, voids, aggregates, rings and/or islands
exist, making the film unsuitable for efficient and immediate transfer onto a solid substrate. The
film is therefore subsequently compressed at increasing surface pressures until the QDs are as
closely packed as possible without collapsing the monolayer into multilayers. One drawback of
these compression methods is that multiple isotherms are required to determine the surface
pressure that will achieve maximum QD film density without collapsing the film. Even at this
optimum surface pressure, fluorescence imaging shows that defects still exist in the film [16].
Researchers have used surfactants in an attempt to bind the QDs together and create a
homogeneous film but the result was large hexagonal shaped features with QDs absorbed at the
edges [14, 17, 18]. Another drawback to this approach is that adding surfactants or polymers can
negatively affect QD photoluminescence or have other unintended effects on the film structure.
The formation of a Langmuir film can be broken down into three phases that could each
be addressed in order to improve the process of creating well-structured Langmuir films of QDs:
deposition, spreading, and compression. The third phase (compression) is not addressed in this
thesis. During the first phase, deposition, factors such as QD mass, QD concentration, and QD
volume could affect the characteristics of the initial and final Langmuir film. The deposition
method, spraying, dropping, or touching the QD dispersion to the surface, could also affect the
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characteristics. Studies to investigate the role of some of these factors on film quality, especially
the parameters of concentration, volume, and deposition method are ongoing [19].
The second phase is the spreading of the QD dispersion on the surface of the subphase
and commensurate evaporation of the solvent. Factors such as temperature and rate of spreading
may affect the characteristics of the final Langmuir film. Solvents with a high spreading
coefficient (toluene, xylene) demonstrated higher rates of spreading along with areas of turbulent
mixing and instability during spreading on a water subphase [20, 21]. The rate of spreading and
amount of turbulence/instability in the spreading solvent may be determining factors in how the
QDs are organized on the subphase prior to compression. One expectation is that slowing the
spreading rate may provide control on the uniformity of the QD film and reduce the relative
number of defects. No research has been reported to determine whether the spreading rate of the
solvent phase that carries the QDs has any effect on the uniformity of the QD Langmuir film after
spreading is complete.
B. Spreading of Liquids on Liquids
Research on liquid spreading is mainly focused on liquids spreading on solid surfaces [22-26].
Research on liquids spreading on liquids is limited and focused on the spreading of petroleum
products on fresh water or salt water surfaces as it relates to oil recovery [27-32]. Overall,
literature describes liquid spreading as a complex multi-variable process involving gravity,
inertia, viscosity, surface tension, interfacial tension, solubility, concentration, density, and
evaporation. To date, no model for the spreading of one liquid on the surface of another takes all
of these variables into account on either a solid or liquid surface.
The spreading of a liquid drop deposited onto a liquid subphase can be described in three
phases [32]. In the first phase, gravity drives the spreading as inertial forces resist the spreading.
As the liquid drop flattens, it transitions to a second phase where gravity still drives the spreading
but viscous forces resist the spreading. As the drop flattens further, the spreading is driven by
surface tension gradients and viscous forces resist the spreading. When the size of the drop
3

deposited on the surface of an immiscible liquid is small, gravity and inertial forces are minimal
and surface tension gradients dominate the spreading while viscous forces resist the spreading.
The critical drop size where the spreading transitions from gravity to surface tension gradients
can be estimated using a balance of forces [32]. Equation (1.1) gives the pressure exerted by the
drop due to gravity  (N/m2) where οߩ (kg/m3) is the difference in density between the drop and
the subphase, ݃ (m/s2) is the acceleration due to gravity and ( ܦm) is the drop diameter.
ܲ = οߩ݃ܦ

(1.1)

Equation (1.2) gives the pressure due to surface tension ܲ௦௧ (N/m2) where ߪ (N/m) is the net
surface tension between the subphase and the liquid drop, and  ܦis the diameter of the drop
surface in contact with subphase.
ܲ௦௧ =

ߪ
ܦ

(1.2)

Setting the two pressures equal and solving for  ܦgives equation (1.3), the drop critical diameter.
ߪ
οߩ݃

ܦ = ඨ

(1.3)

With a drop diameter less than ܦ , surface tension will dominant the spreading. The net surface
tension of liquid B spreading over liquid A is also referred to as the spreading coefficient, or
spreading pressure SB/A (N/m). The value of SB/A is described mathematically by equation (1.4).
The surface tensions of liquid A and liquid B are ɀA (N/m) and ɀB (N/m) respectively. The
interfacial surface tension between liquids A and B is ɀAB (N/m).
SB/A = ɀA െ ɀB െ ɀAB

(1.4)

Liquid B, will spread spontaneously on the surface of liquid A if SB/A is greater than zero [33-35].
If SB/A is less than zero, the liquid will form a non-spreading lens on the surface.
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Fay and others developed an order of magnitude estimate for the spreading rate of a
liquid on the surface of another liquid [32, 36, 37] where surface tension is the dominant force.
The approach was used in this thesis to develop an equation for the spreading rate of a liquid in a
polar coordinate system. The distance of the leading edge of liquid B spreading radially outward
on the surface of another immiscible liquid A is the film radius ( ݎm) (Figure 1.1). The vertical
coordinate ( ݖm) is positive in the downward direction beginning at the surface of the subphase.
The spreading liquid properties are assumed constant in ߠ (degrees) at distance ݎ.

Figure 1.1

Coordinate system for the mathematical analysis of liquid B spreading on liquid A.

As the liquid spreads, the surface tension gradient ݀ߪ/݀( ݎN/m2) is countered by the shear stress
߬ (N/m2) imparted to the fluid above (air) and fluid below (subphase) the spreading liquid.
Equation (1.5) shows the shear stress in a Newtonian fluid as the product of the dynamic viscosity
ߤ (N s/m2) and vertical velocity gradient ݀ݒ /݀( ݖs-1).
߬=ߤ

݀ݒ
݀ݖ

(1.5)

The viscosity of air is extremely low compared to the subphase viscosity ߤ (N s/m2) so the shear
stress of the air can be neglected resulting in the force balance shown in equation (1.6).
݀ݒ
݀ߪ
= ߤA
݀ݖ
݀ݎ
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(1.6)

Assuming a constant surface tension gradient over distance  ݎgives equation (1.7).
݀ߪ ܵ/
ൎ
ݎ
݀ݎ

(1.7)

Substituting equation (1.7) into equation (1.6) gives equation (1.8).
ܵ/
݀ݒ
= ߤA
ݎ
݀ݖ

(1.8)

The velocity profile in the boundary layer of the subphase where viscous dissipation occurs is
assumed to follow a Blasius profile with velocity declining exponentially from the subphase
surface at time ( ݐs) and radius  ݎto the edge of the boundary layer where velocity ݒ (m/s) is
zero. The Blasius profile is described mathematically by equation (1.9) and equation (1.10)
where ߩA (kg/m3) is the subphase density.
ݒ (ݒ = )ݖ (ݎ, 0,  ݁)ݐ௭
݉=

ඥߩA
ξߤA ݐ

(1.9)
(1.10)

Equation (1.11) shows the derivative of equation (1.6) with respect to z at distance r and time t.
݀ݒ
= ݉ݒ (ݎ, 0,  ݁)ݐ௭
݀ݖ

(1.11)

Equation (1.12) shows the fluid velocity at the subphase surface and distance  ݎand time ݐ.

ݒ (ݎ, 0, = )ݐ

݀ݎ
݀ݐ

(1.12)

Substituting (1.10), (1.11), and (1.12) into (1.8) at z = 0 gives equation (1.13).
ܵ/
ඥߩ ݀ݎ
= ߤ
ݎ
ξߤ ݐ݀ ݐ
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(1.13)

Separating variables, integrating and solving for  )ݐ(ݎgives equation (1.14).
4 ܵ/
=ܭඨ ඨ
3 ඥߤ ߩ

 ݐܭ = )ݐ(ݎଷ/ସ ,

(1.14)

Equation (1.14) shows that as liquid B spreads on the surface of the subphase liquid A, the radial
distance of the leading edge r as a function of time  ݐis directly proportional to the spreading
coefficient SB/A and inversely proportional to the viscosity ߤA and density ߩA of the subphase
liquid A. The spreading rate is independent of the spreading liquid volume. Equation (1.14) also
shows that at any given time, the maximum radius and maximum overall spreading rate will
occur when the prefactor  ܭis a maximum. The derivation of this equation does not account for
any mass transfer loss from the spreading film due to solubility in the subphase or evaporation
into the surroundings (air).
Previous research [20, 21, 38] using volatile spreading liquids revealed a time exponent
closer to 1/2. They concluded that evaporation of the volatile solvent during spreading caused
the exponent to be smaller. However, their result is based on limited empirical data and not a first
principle methodology, so the proposal remains to be validated.
C. Problem Statement
As presented above, highly ordered, uniform thin films of QDs are required to reduce component
size/cost, increase efficiency, and facilitate utilization in portable and/or flexible products. The
Langmuir film method has been used to create monolayer films of QDs. The issue is that
numerous defects such as gaps, voids, aggregates, rings and/or islands make the film less suitable
for transfer onto a solid substrate. No studies have been made to determine whether spreading
rate can prevent defects from forming in the film.
The first hypothesis of this work is that the degree of uniformity in the final spread state
of a Langmuir film of QDs is systematically defined by the spreading rate of the liquid solvent
over the liquid subphase. The goal is to quantify the effect of spreading rate on film quality. The
7

first objective is to establish an experimental method to systematically vary the spreading rate of
the liquid carrying the QDs. The second objective is to measure the time required for the
Langmuir film of QDs to reach a final maximum spreading diameter. This will define the
average spreading rate. The third objective is to establish a method to define the uniformity of
the film at the final spreading radius. The final objective is to determine whether the uniformity
does or does not correlate with the average spreading rate.
The second hypothesis of this work is that fluorescent QDs can be used to measure
spreading rates of liquid on liquid films for quantifiable comparisons to theoretical predictions.
The goal is to establish that rates obtained by measuring the spreading of a Langmuir film that
contains fluorescent QDs can be correlated using reasonable theoretical predictions. The first
objective is to establish the extent to which the concentration of QDs affects spreading rate. The
second objective is to develop a dimensionless equation that can be used to relate film radius and
time. The third objective is to fit the experimental data to a generalized dimensionless theoretical
expression. This will establish whether the method can be used not only to compare spreading
rates for different systems but also to validate predictions about those systems.
D.

Engineering Impact and Summary

Multiple technologies [3-10] have been used to create thin films of QDs for use in solar cells and
displays. None of the commercially applied methods result in a compact, uniform, monolayer of
QDs. Such higher quality films will enable manufacturers to reduce size and cost or to increase
device efficiency. Monolayer films of QDs have been created in laboratory research using
Langmuir deposition [11-18]. One or more compression steps are currently required after
deposition to remove film defects. Any discovery that can eliminate compressive steps will open
a path to commercialize Langmuir deposition for monolayers of nanoparticle films, potentially
even for continuous rather than batch deposition. In addition, no research regarding the control of
film spreading rates as a way to create uniform, defect-free films or the use of fluorescent QDs to
track the spreading of liquid-on-liquid has been reported as best determined to date.
8

CHAPTER II

EXPERIMENTAL METHODOLOGIES

A. Materials
Core/shell Cd:S:Se/ZnS Sapphire™ QDs, as ten vials at 2.50 mg/mL each in hexane (lot # LQ11-14A-17) were purchased from Crystalplex Corporation (https://crystalplex.com). Their
structure is shown in Figure 2.1. A thin layer of aluminum oxide (Al2O3) coats the ZnS shell to
protect the QD core/shell from oxidation and water intrusion. Oleic acid molecule ligands (not
pictured) bond to the aluminum oxide coating making the QDs soluble in non-polar solvents. The
molecular weight of the QDs ranges from 585,000 g/mol to 715,000 g/mol in a normal Gaussian
distribution. The QDs fluoresce at 620 nm under ultraviolet (UV) light stimulation and range in
diameter from 10-12 nm including ligands.

Figure 2.1

Quantum dot structure showing A) ZnS shell; B) Al2O3 coating; and C) cutaway
view of inner Cd:S:Se core, ZnS shell and Al2O3 coating.
(Reprinted by permission from Crystalplex)
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Three additional QD solutions were prepared by diluting the source stock solution of 2.50 mg/mL
by factors of two, four, and eight resulting in stock concentrations of 1.25, 0.625, and 0.315
mg/mL respectively. The additional solutions were stored in sealed vials at room temperature
with no UV light exposure.
Tap water was deionized and distilled (DD) in the laboratory. The resistivity and pH of
the DD water measured during the experiments was greater than 18 megaohms and 6.0 +/- 0.05
respectively.
Glycerol, 99+%, extra pure, from ACROS Organics™ was purchased from Fisher
Scientific in 2.5 L glass bottles (lot numbers B0538602A and B0539881A). N-hexane, 99+%,
from ACROS Organics™ (lot # 1993204) was purchased from Fisher Scientific
(https://www.fishersci.com/us/en/brands/I9C8LQ1I/acros-organics.html).
B. Experimental Setup
The experimental setup is shown in Figure 2.2. A Kiralux™ 5.0 MP digital, color camera, model
CS505CU (https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=12164) fitted with a
400 nm UV cutoff filter and 12 mm fixed focal length lens was used to capture images. The
camera is centered above a melamine tray at a lens distance of 31.2 cm resulting in an image area
of 13.5 (cm) x 13.5 (cm) using a 1500 pixel x 1500 pixel region of interest (ROI).
Four SableLux High Output Black Light Blue Fluorescent Lamps from Wildfire Lighting
(https://wildfirelighting.com/product/sablelux-fluorescent-blb-lamps) are used to stimulate QD
fluorescence. The lamps have a peak wavelength of 368 nm with approximately 5% of the lamp
energy between 380 nm and 400 nm (below the UV cutoff filter). The lamps are square/level and
attached to an aluminum breadboard using laboratory clamps. They sit high enough to allow
insertion and retraction of a black melamine tray containing the subphase.
The digital camera connects to a computer loaded ThorCam version 3.3.1 and ImageJ
version 1.52p software to configure camera settings and store images. Appendix A details the
camera/software settings.
10

Figure 2.2

Experimental setup showing melamine sample tray surrounded by fluorescent lamps
with a digital camera mounted above. The entire setup is enclosed in an aluminum
frame covered with black fabric to reduce visible light reflection and prevent dust
contamination/airflow interference on the subphase surface.
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C. Methods
Prior to experiments, the camera was calibrated in both the x and y-axis and it was focused at the
subphase surface using a fluorescent ruler. Calibration images are shown in Figure 2.3. The ruler
is placed on top of the subphase in the melamine tray. It is adjusted to cover the length and width
of the camera image area with the ruler tick marks directly on the edge of the image area. The
ROI is 1500 pixels x 1500 pixels and the image area measures 13.5 cm x 13.5 cm resulting in a
conversion factor of 13.5 cm/1500 pixels in both axis. The tray is approximately 18 cm x 18 cm
so the camera image area did not cover the full area of the tray but experiments were designed to
remain contained in the image area.

Figure 2.3

Calibration of camera viewing area in both the x and y-axis. The edge of the tray is
approximately 2 cm outside the image.

The aqueous glycerol subphase was prepared by adding glycerol to DD water using a
graduated cylinder to achieve the desired weight percent of glycerol according to Appendix B.
The water/glycerol mixture was stirred at 20° C and 700 rpm for 5 minutes using a magnetic stir
plate. For each experiment, 200 mL of the subphase was poured into the melamine tray using a
glass beaker. This resulted in a subphase depth of 8.0 mm. Any bubbles that formed during
pouring were removed by popping with a plastic pipette tip. The surface was visually inspected
under visible and UV illumination to verify no dust particles were present. The subphase was
allowed to settle for 2 minutes to dissipate any surface motion.
12

A 100 ȝ/ Eppendorf pipette with a plastic disposable pipette tip was used to deposit 5 ȝ/
of QD solution onto the subphase surface by hand. The selected deposition volume resulted in a
drop diameter of 2 mm which is smaller than the drop critical diameter of approximately 10-15
mm calculated by inputting the surface tension and density of hexane into equation (1.3). The
selected volume allowed deposition in one drop versus multiple drops and kept the maximum
film radius within the field of view (FOV) of the camera.
Once the pipette tip was filled with QDs, the drop was deposited as quickly as possible
onto the subphase surface to minimize solvent loss due to evaporation. The plastic pipette tip was
first touched to the aluminum frame to discharge any static buildup prior to drawing QDs into the
tip. Two hands were used to lower the pipette tip to the surface to minimize momentum transfer
of the drop in the plane of the film surface. The drop was placed near the center of the tray
(estimated visually). The single 5 ȝ/drop was allowed to touch the surface of the subphase and
spread due to surface tension. This method was used to prevent any surface disturbances due to
splashing.
Errors in deposition occurred approximately 10% of the time. In some instances, static
buildup on the plastic tip caused an early discharge of QDs to the surface of the subphase prior to
the drop touching the subphase. In other instances, the drop would form a bubble on the surface
when deposited. In these instances, recording was stopped and the experiment was repeated.
After each deposition, the subphase was discarded and the tray was rinsed with DD water prior to
the next experiment.
Image recording was started prior to QD deposition to minimize time between filling the
pipette tip and depositing the drop on the surface. Images of the film were captured every 20 ms
until spreading stopped. The exposure time of 20 ms provided the fastest image rate (~50 fps) at
a ROI setting of 1500 pixels x 1500 pixels without dropping frames. Since the QDs fluoresce at
approximately 620 nm, only the red channel was captured in the images. A concentration of
0.625 mg/mL QDs was the optimum concentration that allowed imaging at 20 ms without
13

excessive gain settings. Between each run, captured images for the experiment were reviewed to
ensure there were no missing images or images with defects. The images for each experiment
were stored as stacks of 8-bit tiff images.
Experiments to evaluate effects of QDs on spreading rate experiments were to designed
to cover a range of concentrations. Concentrations of 2.50 mg/mL, 1.25 mg/mL, 0.625 mg/mL
and 0.315 mg/mL were used for the evaluation, and DD water was used as the subphase for all
the experiments. Concentration levels were bound by the stock solution (2.50 mg/mL) and the
lowest concentration that could be imaged at 20 ms (0.312 mg/mL) using the same camera
settings used for film quality experiments. Each concentration other than 0.625 mg/mL was
deposited three times using the procedures described previously. Data at 0.625 mg/mL on 0%
glycerol were available from the film quality experiments described below.
Experiments for spreading rate evaluation were designed to cover a range of spreading
rates with a reasonable number of points and step size. According to equation (1.14), spreading
rate at any given time will vary as a function of the prefactor ( ܭspreading pressure, subphase
viscosity and subphase density). Water was used as the base system for comparison to all
literature to date. Glycerol was chosen as a mixture component because it has a viscosity 1400
times higher than water, density 1.2 times larger than water, and a spreading pressure 4.6 times
higher than water. Glycerol is also soluble in water throughout all compositions, immiscible with
hexane and has a low volatility.
Calculations were done to obtain the value of  ܭfor compositions of weight percent
glycerol in water using equations (1.4) and (1.14) and the data in Appendix B. The results are
shown in Figure 2.4. Values in Appendix B for density, viscosity and surface tension of the
subphase (liquid A), surface tension of the spreading solvent (liquid B), and interfacial tension
were found in [39-44] and interpolated for intermediate values where required.
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Experimental data points were chosen at 0%, 20%, 30%, 40%, 60%, 80%, 90% and
100% weight percent glycerol to cover an adequate range of spreading rates based on Figure 2.4.
Glycerol contents of 0% and 100% percent were chosen to bound the endpoints. Glycerol
contents of 20%, 30% and 40% were chosen to bound the maximum for ܭ. Data points at 0%,
60% and 100% glycerol weight percent were repeated 5 times. Data points at 20%, 30%, 40%,
80% and 90% glycerol weight percent were repeated 3 times. Glycerol contents at other weight
percents were not evaluated in order to limit the scope of testing and the amount of raw materials
required.
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CHAPTER III

IMAGE PROCESSING

A. Introduction
Images captured during film spreading required processing in order to quantify the experimental
parameters discussed in the hypothesis. Program code was written in MATLAB and Igor Pro to
load and process the images. Film radius, elapsed time, and film uniformity were quantified
using results from the developed code.
B. Film Radius
Each experimental run generated a stack of 8-bit tiff images that contained between 100-600
frames (images) depending on the length of time required to reach the maximum film radius.
Initial file sizes were approximately 7 gigabytes. Images captured prior to the beginning of drop
spreading and end of film spreading were deleted to reduce file size. At glycerol concentrations
above 60% the film spreading rate was too slow to differentiate radius changes over a 20 ms time
increment. Instead of increasing the exposure time or decreasing the image capture rate, the
image stack files were thinned prior to processing. For 80% glycerol, every 2nd frame was
removed resulting in a 40 ms time delta between images, for 90% glycerol, every 3rd frame was
removed resulting in a 60 ms time delta between images, and for 100% glycerol, every 7th frame
was removed resulting in a 140 ms time delta between images. This resulted in tiff image stacks
with 40-70 images per file.
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Analysis of spreading rate in a Langmuir film starts with processing the images to obtain
film radius  ݎat any time ݐ. The film radius  ݎin equation (1.14) is the furthest distance the
leading edge of the spreading film reached at any given time. Example images that illustrate the
steps used to determine  ݎare shown in Figure 3.1. A circle was hand fit around the QD film
using ImageJ software. For non-symmetric films, this resulted in space outside the edge of the
film but inside the circle. The image background outside the circle was manually removed
resulting in a clearly defined circular area that contained all of the QD film including the leading
edge. The remaining image area was converted to a filled, binary image using an Otsu
thresholding procedure. This was a single-step procedure in ImageJ that automatically converted
the entire stack of images. The resultant data set was a stack of binary tiff images for each
experiment that provided an accurate digital representation of the leading edge of the film.

Figure 3.1

Image sequence showing A) circle fit of film around leading edge; B) subsequent
removal of background outside the circle; and, C) conversion to a binary image.

A MATLAB [45] program (Appendix C) was written to import the stack of binary tiff images,
determine the number of images in the file, calculate the pixel area of each binary image, and
convert the pixel area to a radius ( ݎcm) based on the calibration scale conversion results of 13.5
cm/pixel from Figure 2.3. The image analysis process outlined above resulted in 30 data sets of ݎ
versus  ݐcovering each replicate experiment across all experimental conditions as well as 9
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additional data sets for experiments presented in detail in Chapter 5. An example plot of radius
versus time obtained for a film on water is shown in Figure 3.2.
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Example radius versus time plot showing film radius reaching a maximum
at approximately 4.4 cm and a time of approximately 0.7 seconds.

C. Film Uniformity
The final image associated with the maximum film radius ݎ௫ for each experimental run was
extracted to evaluate film uniformity using a program written in Igor Pro [46]. An example of the
image extracted at ݎ௫ for run number 5 on DD water is shown in Figure 3.3. The image shows
a characteristic coffee ring pattern with a high area number density of QDs at an outer ring and a
patchy but otherwise uniform area density of QDs inside the ring. The program used only the red
channel from the raw RGB image, as this was the only channel having intensity from the QDs.
To start the analysis, the program first determined the radial center point of the circular
film of QDs based on summations of line profiles across the image in row order and column
order. The summations are shown in Figure 3.3B. The center point is shown in Figure 3.3A as
the crossing point of the horizontal and vertical lines. From the center point, the program found
the outermost position of the circular film using a search routine on a threshold image that had
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been set manually. This position is shown by the innermost circular ring in the Figure 3.3A. A
second ring was set manually at a position further out from the innermost ring also shown in
Figure 3.3A. The position of the second ring was chosen to represent the points of a stable
baseline intensity around the inner film of QDs.

Figure 3.3

Example Igor Pro user interface showing A) circle fit to image; B) x and y axis
image intensity normalized to a value of 1.0 over the pixel range of the profile.

The average radial profile of film intensity of the film was determined using a line profile routine
built-in to Igor Pro. The code is provided in Appendix D. The average radial profile intensity ܫ
(intensity/cm) is identical to an integration of intensity over 2ߨ in angle at any given radius ݎ
divided by the circumference at ݎ. This is expressed mathematically in equation (3.1).

ܫ (= )ݎ

ାగ
1
න ߠ݀)ߠ(ܫ
2ߨି ݎగ

(3.1)

The numerical integration routine in Igor Pro used a constant step size of 1 image pixel and a
variable angular step size ݀ߠ of 360/2ʌR (radians). The average radial intensity ܫ ( )ݎwas
converted to average relative intensity by dividing with the total image intensity in the entire film.
The distance  ݎwas converted to a dimensionless value ܴ = ݎ/ݎ௫ , where ݎ௫ (cm) is the
position of the edge of the film (the position of the inner circle in Figure 3.3A). Finally, the value
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of ܫ was converted to a dimensionless value as ܫ = ܫ ௫ . This resulted in a numerical
array of dimensionless average intensity probability ܫ versus dimensionless radial position ܴ.
The full conversion is equation (3.2), with ߩூ (ܴ) as the dimensionless intensity probability.

ߩூ (ܴ) = 

ܫ ()ݎ
൩ ݎ௫
ೌೣ
ܫ (ݎ݀)ݎ


(3.2)

A plot of ߩூ (ܴ) versus ܴ obtained from the image in Figure 3.3B is shown below in Figure 3.4.

Figure 3.4

Example plot showing distribution of QDs from the center of the film to the outer
edge. A horizontal line at 2.1 on the y-axis represents the normalized intensity.
Values of ݎ௫ and uniformity ܷ are shown to the right of the peak.

The value of ߩூ ( )ݎis directly proportional to the average number density of QDs per unit radial
distance at the given radius ݎ. This is based on the assumptions that each QD emits in direct
proportion to the incoming flux of UV light and that the flux of UV light across the film is
uniform. The concentration of QDs near the edge of the film in Figure 3.3A results in a peak of
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approximately 10 x 10-3 at a dimensionless position of ~ 0.9 in Figure 3.4. The average value of
ߩூ (ܴ) inside the ring is ~ 1 x 10-3. The ratio of ~ 10 for ߩூ (ܴ) values from the coffee ring versus
the inner film region in the pattern in Figure 3.3A means that they are packed closer (have a
higher area number density) by a factor of ~ 10 in the outer coffee ring than they are packed in
the inner hole of the ring itself.
The area under the probability curve represents the total distribution of the QDs. The
distribution of a perfectly uniform layer of QDs would have a constant dimensionless relative
probability value ߩூ כas a function of ܴ. The value ߩூ כis calculated as the total area under the
probability curve ߩூ (ܴ) from ܴ =0 to 1. The value in Figure 3.4 is 2.1 x 10-3. Any distribution of
image intensity above ߩூ כis equally balanced by area below ߩூ כand represents a non-uniform film.
The relative area above or below ߩூ כis a taken as the quantitative metric of non uniformity in the
film. A value ܷ is calculated as one minus the relative area above or below ߩூ כ. The value of ܷ in
Figure 3.4 is 63.7%, meaning that 36.3% of the QDs are distributed in a non-uniform manner.
The radial profile image processing described above cannot determine if the Langmuir
film of QDs exists as a monolayer. The radial profile analysis compares results to a theoretical
perfectly uniform layer of QDs. Whether the uniform layer is a monolayer or multiple layers
requires additional analysis, for example, using Brewster angle microscopy of the Langmuir film,
or atomic force microscopy of a Langmuir-Schaefer or Langmuir Blodgett film derived from the
Langmuir film itself.
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CHAPTER IV

THE DEPENDENCE OF FILM UNIFORMITY ON SPREADING RATE

A. Introduction
As stated in chapter 1, the first hypothesis is that spreading rate affects QD Langmuir film
uniformity. For this chapter, spreading rate is determined as an average value using the
maximum spreading radius of the film ݎ௫ (cm) divided by the time ( ݐs) to reach the ݎ௫ . A
visual comparison of the final image in each film provides insight into how spreading rate affects
uniformity qualitatively. Uniformity is quantified using radial profiles of intensity probability
ߩூ (ܴ) developed in chapter 3. This chapter will focus on interpretation of the results for
spreading rate and film uniformity to validate the first hypothesis.
B. Results and Discussion
B.1. Spreading Rate
The final maximum radius ݎ௫ occurs once the solvent has completely evaporated and no
difference in surface tension exists to drive spreading. After that point, the film size was found to
remain stable or collapse back on itself. The driving force for the differences in behavior is likely
due to a balance between the degree of attractive interactions between the QDs in the Langmuir
film and the final film radius when the solvent has just evaporated (film has already collapsed at
that point and cannot collapse further). Further investigation was beyond the scope of this thesis.
The average spreading rate ߞ௩ (cm/s) for each experimental run was calculated by
dividing ݎ௫ by the time ݐ௫ required to reach ݎ௫ . The velocity profile at each time slice
was not immediately useful for any quantitative analysis in this portion of the study. The raw
data of radius and time across the range of glycerol weight percent are listed in Appendix E.
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Plot of average spreading rate for film across the range of glycerol weight percent.
Standard deviation bars shown in red. Error bars are too small to be seen at
weight percent values of 60, 80 and 100.

Figure 4.1 shows that spreading rate decreases with increasing glycerol content.
Spreading rate drops almost 40% with the addition of just 20% weight percent glycerol and levels
out between 20%-40% weight percent glycerol. From 60% to 100% glycerol weight percent the
rate variance is approximately 1% except at 90% glycerol which was approximately 15%. The
spreading rate decreases linearly in this range.
The variation at 90% glycerol is due to the increased sensitivity of subphase viscosity to
glycerol content. Between 80% and 95% glycerol the viscosity increases by almost an order of
magnitude as seen in Figure 4.2. During preparation of the subphase, the glycerol clung to the
graduated cylinder, leaving 1-2 mL in the cylinder. A variance in composition this small would
not have a significant effect on subphase viscosity at weight percents of 80% and below. At 90%
glycerol weight percent, a 1% relative decrease in glycerol content results in approximately a
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30% decrease in subphase viscosity. This could be mitigated in future experiments by mixing a
larger batch of subphase for each set of experiments.
Overall, spreading rate decreases with increasing glycerol content. Figure 4.1
demonstrates that the first objective has been met to prove the hypothesis.
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Plot of subphase viscosity versus weight percent glycerol.

B.2. Qualitative Film Uniformity
Film uniformity was defined in chapter 3. From a qualitative perspective, images of the final film
are expected to show distinctly different patterns depending on the subphase. They will therefore
not be uniform to the same degree.
Figure 4.3 shows images for 0% glycerol (DD water) and 100% glycerol for the five
replicate runs at each subphase. While the patterns are similar across each row for the given
subphase, they are clearly different for each subphase. The DD water film shows a distinct coffee
ring pattern in the final film. Such coffee ring patterns are common to spreading phenomena in
the literature [47]. The outer boundaries of the coffee rings also show fingers and swirls that are
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characteristic of Marangoni flow patterns [48]. By comparison, the images for the glycerol
subphase show a smaller and potentially uniform distribution of QDs in the film. The films on
glycerol are a preferred starting point for production processes that require uniform distributions.

Figure 4.3

Final grayscale images after spreading is complete for 0% glycerol (top row) and
100% glycerol (bottom row). Run numbers are ordered left to right. A scale bar is
shown at bottom left in each image.

The results in Figure 4.3 indicate that qualitative variations in film quality observed
across replicate experiments are not significant compared to the degree of qualitative variation in
film quality across the two subphases shown. Carried further using the relationship of subphase
to spreading rate from Figure 4.1, the results for the images at the two extremes of spreading rate
demonstrate unambiguously that rapid spreading promotes the formation of coffee ring patterns in
the film while slower spreading can be expected to generate a uniform film.
Representative images for each subphase composition are shown in Figure 4.4. The
variation in film placement within the image area in Figure 4.3 is due to variation in initial drop
placement. As the glycerol content increases from 0% to 30%, the film size increases, the eddies
and swirls disappear at the edges of the coffee rings, and the QDs are less concentrated at the
edge of the film. With increasing glycerol in the subphase, the QDs in the film become more
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distributed toward the middle of the film creating a smoother “donut” appearance. With further
increase in glycerol, the physical size of the film donut decreases and the inner hole appears to
become filled. By the case of pure glycerol, the image shows a characteristic shape similar to a
centralized dome. The QDs are still not distributed visually to a completely uniform coverage in
the entire film. But the central hole of coffee ring and donut patterns has completely disappeared.
The eddies and swirls at the edge of the film disappeared at only 20% glycerol. This
indicates that film deformities at the edge of the film could possibly be reduced by adding small
amounts of glycerol to the subphase. This approach could potentially reduce the number of gaps
in Langmuir films when they would be compressed after deposition since the film defects are not
formed during spreading.
From 30% to 100% glycerol, the film decreases in size and becomes more symmetric and
uniform. As a result, film intensity visually increases as the QDs are compressed into a smaller
area. The trend in size agrees with the predictions in Figure 2.4 where the prefactor  ܭreached a
maximum value at approximately 30% glycerol. Equation (1.14) shows that at a given time ݐ, the
film radius will reach a maximum when  ܭis a maximum.
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Figure 4.4

Representative grayscale images of final film after spreading for all glycerol
concentrations. Glycerol concentration is shown in the top right of each image.
A scale bar is shown at the bottom left of each image
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B.3. Quantitative Film Uniformity
A perfectly uniform film is defined as a film that has a constant intensity across all dimensions of
the film. Even though the image of a film may appear to be uniform in spatial intensity to the
eye, the QDs may have variations in area packing density or vertical stacking that are only
revealed by a quantitative analysis. Packing density and stacking arrangement were not
considered as defining parameters for film uniformity in this work, although both values can be
inferred through the quantitative intensity profile and size of the final film.
The quantitative measure of film uniformity for each final film was determined by
evaluating the plots of the average radial intensity ߩூ (ܴ) described in chapter 3. Two profile
plots are shown for a single experimental run at 0% glycerol and a single experimental run at
100% glycerol in Figure 4.5. The radial profile plots in Figure 4.5 confirm quantitatively what is
seen qualitatively in Figure 4.3.
The concentration of QDs in the coffee ring of the film in Figure 4.3 for run number 5 on
0% glycerol results in a peak of approximately ߩூ (ܴ) = 9 x 10-3 at a dimensionless position of ܴ ~
0.9 in Figure 4.5 (left). The average value of ߩூ (ܴ) inside the ring is ~ 1 x 10-3. The ratio of ~ 9
for ߩூ (ܴ) values from the coffee ring versus the inner film region means that the QDs are packed
closer, the QDs have a higher area number density, or they are stacked to a greater height by a
factor of ~ 9 in the coffee ring than they are packed/staked in the inner hole of the ring itself. As
a result, the film uniformity for run number 5 on 0% glycerol (DD water) was calculated as
63.6%.
A more uniform distribution of QDs in Figure 4.3, run number 2 on 100% glycerol,
results in a broad maximum average value of ߩூ (ܴ) of approximately 6 x 10-3 over a
dimensionless radius range of 0.0 to 0.7. The lower value for ߩூ (ܴ) on 100% glycerol over a
wider range of dimensionless position indicates the QDs are distributed more uniformly. As a
result, the film uniformity for run number 2 on 100% glycerol was calculated as 92.2%.
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Figure 4.5 Radial profile plots showing distribution of QDs at 0% glycerol (left) and 100%
Glycerol (right). Values for ݎ௫ and film uniformity are shown at the top right.
C. Validation of Hypothesis
Radial profile plots of ߩூ (ܴ) versus ܴ for 0% - 100% glycerol are shown in Figure 4.6. The plots
are for the images in Figure 4.4. Raw data of film uniformity across the entire range of glycerol
weight is listed in Appendix E.
The radial profile plots in Figure 4.6 show that the QDs progressively move from a
concentration at the edge of the film on 0% glycerol to a more uniform distribution as glycerol
content is increased to 100%. This is in agreement with images of the film at ݎ௫ in Figure 4.4.
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Figure 4.6

Radial profile plots across the entire range of glycerol weight percent. Values for
ݎ௫ and ܷ are shown at the top right of each image.
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The film images at ݎ௫ in Figure 4.4 and the profile plots in Figure 4.6 confirm that as
the glycerol content is increased, film uniformity increases both qualitatively and quantitatively.
Figure 4.1 shows definitively that spreading rate decreases as glycerol content increases and leads
to the conclusion that film uniformity increases as spreading rate decreases. This conclusion is
confirmed by the plot in Figure 4.7, showing uniformity as a function of spreading rate. For this
plot, spreading rate was averaged at each composition of subphase.

95.0

Film Uniformity

90.0

Film Uniformity (%)

85.0
80.0
75.0
70.0
65.0
60.0
0.0

Figure 4.7

1.0

2.0

3.0
4.0
5.0
Spreading Rate (cm/s)

6.0

7.0

Plot of film uniformity versus spreading rate. Standard deviation bars shown in red.

The plot in Figure 4.7 shows a nearly linear trend between increasing spreading rate and
decreasing film uniformity. The data point at 65% film uniformity and spreading rate of 4.1 cm/s
appears to be an outlier. The value occurs for spreading on 20% glycerol. From Figure 2.4, 20%
glycerol is in the range where the ratio of spreading pressure to the product of subphase viscosity
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and density reaches a maximum. More experimental results are needed to determine if the value
at 20% glycerol is truly an anomaly or if it is real behavior of the system.
Overall, Figure 4.7 shows that film uniformity increases from 67% to 91% as spreading
rate decreases from 6.5 cm/s to 0.5 cm/s. This quantitatively proves the hypothesis that spreading
rate affects Langmuir film uniformity. A 24% increase in film uniformity is significant.
D. Conclusions
The spreading rate of a liquid on liquid film can be changed systematically by varying the
viscosity and density of the subphase and/or varying the spreading coefficient of the spreading
film. The quality of a Langmuir film of QDs is affected by spreading rate. The faster the
spreading rate of the Langmuir film, the more likely that the final film will consist of a coffee
ring pattern with Marangoni flow at the outer edges. Slower spreading rates are still likely to
create donut shape distributions of QDs in the final Langmuir film. Spreading rates below 1 cm/s
are required in order to eliminate the donut pattern in the final film of 5 ߤ ܮof 0.625 mg/mL of
QDs in hexane. Normalized radial probability distribution plots of fluorescence intensity versus
radius are viable as representations of the average area density distributions of QDs in a
Langmuir film of QDs. The area number density distributions of QDs in Langmuir films of QDs
can be compared quantitatively within any one film by the quantitative ratio of normalized
intensity density. The above is also true for comparisons on Langmuir Films of QDs deposited
with the same total number of QDs regardless of any other conditions at deposition. The
quantitative uniformity of the distribution of QDs in a Langmuir film of QDs categorically does
depend on the spreading rate of the film.
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CHAPTER V

USING QUANTUM DOTS AS MARKERS TO ANALYZE LIQUID-ON-LIQUID
SPREADING RATES

A. Introduction
The second hypothesis of this thesis is that fluorescent QDs can be used to measure spreading
rates of liquid on liquid films for quantifiable comparisons to theoretical predictions. The
objectives are to establish whether QD concentration affects spreading rate, to generate a
dimensionless form of the spreading rate equation, and to fit the experimental data for spreading
rate to the theory. The results obtained to meet each objective are presented in the three sections
that follow.
B. Results and Discussion
B.1. Effect of QD Concentration on Spreading Rate
Procedures described in chapters 2 and 3 were used to provided spreading rates on DD water for
concentrations of QDs at 2.50 mg/mL, 1.25mg/mL, 0.625 mg/mL, and, 0.312 mg/mL. The 0%
glycerol subphase was used for these experiments because it gave the highest spreading rate and
therefore would likely show the greatest sensitivity to the amount of QDs that had to be carried
by the expanding film. A plot of the data is shown in Figure 5.1. The raw data is included in
Appendix F.
Diluting the stock solution of 2.50 mg/mL to 1.20 mg/ml showed no measurable effect on
spreading rate within the measured error bands. Dilution to 0.625 mg/mL reduced the average
spreading rate by 8.5%. Further dilution to 0.312 mg/mL resulted in an additional 23% reduction.
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The results show that spreading rate appears to be unaffected by the amount of QDs
above a dispersion concentration of approximately 1 mg/mL. Decreasing the concentration of
QDs below 1 mg/mL decreases spreading rate. Data were not collected at concentrations below
0.312 mg/mL because the QDs were not visible in the images using the camera settings optimized
for spreading films at 0.625 mg/mL. Using higher gain settings on the camera resulted in greater
noise in the background of the image so no benefit was actually realized in the current system,
and the concentration of 0.312 mg/mL was a practical limit of the system.
The reason for the observed decrease in spreading rate with lower concentrations of QDs
in the hexane cannot be that fewer QDs are present in the film. Instead, the physical presence of
more nanoparticles in the spreading film is expected to hinder the spreading due to the added
inertia of their mass. Spreading rate should increase with fewer QDs, not decrease. The more
reasonable explanation of the decrease is that an excess of QD ligands (oleic acid) is present in
the stock solution of QDs. The manufacturer (Crystalplex) stated that excess oleic acid likely
remains in the QD solution even though the QDs are washed three times to remove excess oleic
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acid before shipping. Oleic acid will lower the surface tension of hexane. This will increase the
spreading coefficient, thereby increasing the spreading rate.
The best considerations are that Figure 5.1 shows a balance between the effects of the
excess oleic acid and the inertial mass of the QDs. Below 1 mg/mL, any added mass of the QDs
does not matter, and increasing the dispersion concentration of QDs increases spreading
coefficient due to the excess oleic acid. Above 1 mg/mL, the inertial mass of the added QDs
becomes apparent, and spreading rate levels off.
Additional experiments are required to validate the above proposal for why the spreading
rate varies with concentration. They must quantify how much oleic acid is present in the
solutions. They should also measure the surface tension of all solutions as a function of the
dispersion concentration of QDs. They should evaluate the effect on spreading rate after excess
oleic acid is removed from the solutions. Finally, the spreading rate in concentrations below
0.312 mg/mL should be evaluated with cameras having higher light sensitivity.
The concentration of 0.625 mg/mL was chosen for a number of reasons. Using a lower
concentration conserved the stock solution enabling more experiments without the risk of having
to order new QDs from a different lot. This also provided buffer to repeat experiments if
necessary. The concentration of 0.625 mg/mL provided less background reflection (noise) from
the QDs than higher concentrations of QDs such as 1.25 mg/mL. Finally, 0.625 mg/mL was the
lowest concentration that was easily imaged without having to use excessive camera gains.
Figure 5.1 proves that the concentration of QDs has an effect on spreading rate. It also
indicates that measured spreading rates should consistently be higher than theoretical predictions.
As long as the concentration of QDs is kept constant during experiments to evaluate spreading
rate theory, the effects should not impact the ability to compare results on different subphases.
B.2. Dimensional Analysis of Spreading Rate Theory
Dimensional analysis of a theoretical equation reveals characteristic parameters and enables
comparison of experimental data over multiple orders of magnitude more effectively. With this
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motivation, equation (1.14) was analyzed using the Buckingham Pi method [49]. An outline of
the approach is given here.
The Buckingham Pi theory is applied to an equation with ܰ variables that contain ܳ
primary dimensions such as mass (M), length (L) and time (T). The theorem states that any
dimensionless equation relating all of the variables will have at least (ܰ െ ܳ) dimensionless
groups called ߨ groups. Equation (1.14) has five variables (ݎ, ݐ, ߩ , ߤ , ܵ/ ), so ܰ = 5. All five
variables contain only dimensions of M, L, T, so ܳ = 3. The result is therefore that at least two
dimensionless groups exist that relate all of the variables in equation (1.14).
For this work, radius r and time t are the two variables of primary interest. The first ߨ
group is identified by combining ߩ , ߤ , ܵ/ , and  ݐtogether as shown in equation (5.1).

ିܮܯ( = ݐଷ ) (ିܮܯଵ ି ݐଵ ) (ି ݐܯଶ ) ()ݐ
ߩ ߤ ܵ/

(5.1)

When this is solved, the resulting exponents are ܽ = 1, ܾ = -3, and ܿ = 2. This results in the first
dimensionless ߨ group shown in equation (5.2a). The same procedure was used to identify the
second dimensionless ߨ group for the variable  ݎas shown in equation (5.2b).

ܰ1 =

ܰ2 =

ଶ
ߩ ݐ
ܵ/

ߤଷ
ܵ/ ߩ ݎ
ߤଶ

(5.2ܽ)

(5.2ܾ)

The two dimensionless terms are ratios of the solvent spreading force to the resisting
force of the subphase shear stress. They relate how the radius varies with time in response to a
change in spreading pressure at a specific subphase viscosity and density. The viscosity of the
subphase provides a damping mechanism to the spreading pressure of the solvent. At low
viscosities the spreading system will be less damped than at higher viscosities.
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The parameter ܰ1 was used to define a characteristic time ݐ and the parameter ܰ2 was
used to define a characteristic radius ݎ shown in equations (5.3a) and (5.3b) respectively.

ݐ =

ߤଷ
ଶ
ܵ/
ߩ

(5.3ܽ)

ݎ =

ߤଶ
ܵ/ ߩ

(5.3ܾ)

Data in Appendix B was used to calculate values of ݐ and ݎ for each glycerol weight percent. A
plot of ݎ and ݐ is shown in Figure 5.2. The values range over six (ݎ ) and eight (ݐ ) orders of
magnitude. The spreading on 0% glycerol (DD water) is predicted to be undamped (lowest ݐ ).
Spreading on 100% glycerol is predicted to be damped (highest ݐ ). This Figure of characteristic
parameters supports a founding assumption in the experimental methods. Mixtures of DD water
and glycerol should provide an effective approach to vary spreading rate over orders of
magnitude, not just over a multiplier of less than 10.

Figure 5.2

Plot of characteristic radius and time across the range of glycerol weight percent.
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Equation (5.3a) is used to define a dimensionless time ߬, and equation (5.3b) is used to
define a dimensionless radius ܴ shown in equations (5.4a) and (5.4b) respectively.
߬=

ݐ
ݐ

(5.4ܽ)

ܴ=

ݎ
ݎ

(5.4ܾ)

Equations (5.4a) and (5.4b) are used to rewrite equation (1.14) in non-dimensional terms resulting
in equation (5.5).
4
ܴ = ඨ ߬ ଷ/ସ
3

(5.5)

This non-dimensional approach enables direct comparison of the effects of different subphase
parameters on the spreading rate. Experimental data across the range of glycerol weight percent
should lie on a plot of equation (5.8). These values were used in conjunction with the
experimentally measured radius and time data to plot dimensionless radius ܴ versus
dimensionless time ߬.
B.3. Curve Fitting of Spreading Rates
The experimental data may not fit equation (5.8) exactly if the system parameters vary from
theory. A generalized equation was therefore developed to fit the experimental data. Fitting
constants  ܥand ݊ were applied to equation (5.5) resulting in equation (5.6).
4
ܴ = ܥඨ ߬
3

(5.6)

This equation enables a systematic evaluation of how  ܥand ݊ vary across the experimental data
conditions. A system that behaves perfectly according to equation (1.14) and equation (5.5)
would have values of  = ܥ1 and ݊ = ¾.
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Results for ܴ versus ߬ from replicate experiments across all subphase conditions were fit
to the generalized equation using a non-linear-regression curve fitting program in Igor Pro. The
fit parameters  ܥand ݊ were allowed to vary (unconstrained). The curve fitting returned values of
ܥ, ݊, and the standard uncertainties of each parameter ߪ and ߪ . The result was 27 groups of fit
parameters with uncertainties covering all replicate experiments at each subphase condition.
Figure 5.3 shows an example plot of results for all replicate runs at 0% glycerol. The
different symbols in Figure 5.3 represent the five replicate runs at 0% glycerol. The red lines are
the curve fits for each run. The blue line is calculated from equation (5.6) using un-weighted
averages of  ܥand ݊. The green line is calculated from equation (5.6) using weighted average of
 ܥand ݊. The blue and green lines are essentially the upper and lower bounds of the curve fit.
They represent the maximum and minimum range of variations in both  ܥand ݊ as ܴ and ߬
increase across the individual runs.

Figure 5.3 Plot of dimensionless radius ܴ versus dimensionless time ߬ for 0% glycerol. The red
lines are curve fits for each replicate run. The green line is calculated using weighted
averages in  ܥand ݊. The blue line is calculated using average values of  ܥand ݊.
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C. Validation of Hypothesis
The data obtained were sufficient in both quantity and fidelity to fit data for replicate runs. The
number of experiments was sufficient to cover the entire range of the film spreading even though
some mixture compositions of DD water and glycerol were not used (e.g. 50%). The fidelity of
the data was sufficient to identify trends in both ܴ and ߬ as well as to make comparisons of
individual fits across the range of glycerol weight percent.
The fitting plot results are shown in Figure 5.4. A black line was added to the plots in
Figure 5.4 to represent the theoretical equation (5.8). All the data should fall on this black line.
None of the plots across the range of glycerol weight percent fall across the entire range
of ܴ and ߬. At 0% glycerol, significant scatter of all data is inconsistently above or below the
theoretical line. At all other compositions in the subphase, the experimental data only fit the
theoretical line in the initial region of tau and R. Otherwise, the experimental data is always
below theory, sometimes significantly.
The theory is clearly not valid for this system, even for the best case of DD water. One
reason mentioned at the start of this section was the presence of oleic acid in the hexane.
However oleic acid will increase spreading pressure and cause the experimental data to be
consistently above not consistently below theory. One other explanation of the deviation is that
the theory was derived for non-volatile liquids. Reports have shown an experimental value of ݊
closer to 0.5 for volatile solvents on water [38]. Finally, the theory may not be applicable to
subphase liquids with high viscosity. Deviations in the initial slope across the individual runs
creates a significant gap in the upper and lower bounds as represented by the blue and green lines
discussed earlier. The gap between the upper and lower bounds remains visible until 60%
glycerol where the upper and lower bounds collapse on each other. The point of collapse
indicates that both the weighted average and unweighted average agree indicating a good fit of
the data to  ܥand ݊.
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Figure 5.4

Non-dimensional plots of radius ܴ and time ߬ across the range of glycerol weight
percent. Green and blue curves show average and weighted average curves
equation (5.9). The black line represents the theoretical equation (5.8).
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Table 5.1

Results for Fitting Equation (5.6) to ܴ versus ߬.

Wt %

ܥ௩

݊௩

ܥ

݊

0

93 ± 69

0.4701 ± 0.04

51.8 ± 7.3

0.4757 ± 0.01

20

19 ± 20

0.5535 ± 0.07

7.4 ± 1.3

0.5587 ± 0.01

30

35 ± 25

0.4993 ± 0.05

14.6 ± 1.9

0.5093 ± 0.01

40

13 ± 10

0.5428 ± 0.04

7.7 ± 0.9

0.5583 ± 0.01

60

22 ± 0.3

0.4333 ± 0.0

22.7 ± 2.3

0.4332 ± 0.01

80

6.5 ± 1.7

0.3907 ± 0.04

6.0 ± 0.3

0.3868 ± 0.01

90

1.4 ± 0.13

0.4045 ± 0.02

1.4 ± 0.0

0.4065 ± 0.01

100

0.17 ± 0.04

0.4610 ± 0.06

0.17 ± 0.0

0.4489 ± 0.0

A summary of the curve fitting data is listed in Table 5.1. The first two columns are the
averages for each subphase. The second two columns are the weighted averages. Data in Table
5.1 shows an average time exponent across the range of glycerol weight percent that is
approximately 30% lower than the 0.75 value predicted in equation (1.14). The experimental
weighted average for all runs is over the range of glycerol weight percent is 0.47 ± 0.06. As
mentioned earlier, this is in agreement with other research using volatile spreading solvents.
Conducting experiments across a variety of solvents with a broad range of volatility would
contribute to validating this theory. A time exponent of 0.5 versus the predicted value of 0.75
results in a slower spreading rate than predicted by theory.
The slope of the curve  ܥis approximately an order of magnitude larger than the predicted
value of 1 over the range of glycerol weight percent. This most likely indicates a higher
spreading pressure than expected which could be due to the presence of excess oleic acid as
discussed earlier. The weighted value for  ܥhas less than 10% variance at each glycerol weight
percent but an average across the range of glycerol weight percent has a variance over 100%.
More experimental and mathematical analysis is needed to determine why  ܥand ݊ differ
from theoretical predictions. Variance in  ܥat each glycerol weight percent could indicate that the
spreading pressure is changing as a function of time since viscosity and density are constant at
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each glycerol weight percent. Evaporation of the solvent at the interface could cause cooling that
affects density, surface tension, and viscosity. Experimentally measuring surface tension,
interfacial tension, and spreading rate with and without QDs across a range of solvents with
differing vapor pressures would be a good start in determining why  ܥand ݊ differ from
theoretical predictions.
Using the data to compare to theory is more complicated. The effects of the QDs must be
isolated from the effects of subphase viscosity, density, spreading pressure, and evaporation in
order to determine their applicability in developing spreading rate equations. Nonetheless, the
data shows that QDs can be used to validate or invalidate spreading theories.
D. Conclusions
The presence of QDs in the film does affect spreading rate. For the chosen conditions, the
spreading rate of the loaded film was expected to be higher than theoretical predictions for pure
hexane because of the presence of oleic acid. Application of the Buckingham Pi theory gives two
ߨ groups, and they were used to obtain two characteristic for time  ݐand radius ݎ. The choice of
glycerol for subphase gave variations of system characteristic ݐ and ݎ over 6-8 orders of
magnitude. Curve fitting gave results that indicate a significant sensitivity to the initial spreading
rate. Spreading rates were consistently below theoretical predictions especially after initial
spreading. The spreading theory with ݊ = 3/4 does not appear to apply to hexane as a volatile
liquid. Despite the limitations and uncertainties above, fluorescent QDs can be used to measure
liquid spreading on liquid.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

A. Conclusions
A review of literature revealed that current methods used to produce Langmuir films of QDs
result in films with defects that make them unsuitable for applications that require defect-free
films. Research into the mechanisms that drive the formation of the initial film and possible
defects is not widely reported as best determined to date. The potential gap in research led to this
thesis on the effect of spreading rate on Langmuir film uniformity. Studying the effects of
spreading rate on Langmuir films of QDs also created an opportunity to determine whether or not
fluorescent QDs can be used as markers to study the spreading of liquids on liquids.
The first hypothesis of this work is that the degree of uniformity in the final spread state
of a Langmuir film of QDs is defined by the spreading rate of the liquid solvent over the liquid
subphase. The viscosity and density of the subphase were varied to achieve a range of spreading
rates. Image processing was done to calculate spreading rates of the film and determine film
uniformity. Film uniformity was plotted against spreading rate to show that a decrease in
spreading rate does increase film uniformity.
The second hypothesis of this work is that fluorescent QDs can be used to measure
spreading rates of liquid on liquid films for quantifiable comparisons to theoretical predictions.
Dimensional analysis of the theoretical equation revealed characteristic parameters that enabled
comparison of experimental data to theory over multiple orders of magnitude. Additionally, the
concentration of QDs was varied up to a factor of eight to determine whether the QDs had any
effect on the spreading rate. The concentration of QDS did affect the spreading rate but the data
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obtained showed conclusively that QDs can be used to measure spreading rates for liquids on
liquids.
Crystalplex Corporation provided QDs at a stock dispersion of 2.5 mg/mL in hexane. A
high speed digital camera, fluorescent lighting, computer and aluminum/fabric experimental
housing were integrated so that liquid spreading could be studied. Other materials and
instruments were acquired, installed and calibrated to facilitate data collection and analysis.
The spreading theory for liquids on liquids was used to design experiments. It
established what data should be collected, and how the data should be analyzed. Experimental
methods were developed to produce repeatable and quantifiable results. New procedures for
capturing, processing, and analyzing a large number of images were developed using MATLAB
and Igor Pro.
The hypothesis that spreading rate affects the uniformity of Langmuir films of QDs was
successfully proven. Increasing spreading rate decreases film uniformity. This opens the door to
further research and improvements in Langmuir films of QDs for utilization in industry. In the
process, a first-of-its-kind method to quantify the uniformity of Langmuir films of QDs was
developed.
The hypothesis that fluorescent QDs can be used as markers to measure spreading rates
of liquid on liquid films for quantifiable comparisons to theoretical predictions was successfully
proven. Even though the QDs used in this study affected the spreading rate of the QD film, this
study has shown that the QDs can be used as markers as long as the concentration is held constant
across experiments. In the process, a dimensionless equation not found in literature was
developed that provides greater insight into the study of liquids spreading on liquids.
B. Future Work
In the process of completing this thesis, a number of areas were identified that require further
investigation. They are summarized below.
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The concentration of QDs affected spreading rate. The range of concentration tested was
however limited to the capability of the current experimental setup. A concentration of QDs
below 0.312 mg/mL may have no effect on spreading rate. Future recommendations include
taking steps with the camera to capture both red and green channels, increase exposure time or
increase image gains. Alternatively, use a camera with higher light sensitivity.
The excess oleic acid in the QDs may have an effect on the spreading rate. According to
the manufacturer, oleic acid is a precursor during the synthesis of the QDs and any excess amount
is difficult to remove. An analytical method is needed to quantify the amount of excess oleic
acid. This could also lead to the development of methods to remove excess oleic acid without
affecting the ligands on the QDs. Manufacturers that use oleic acid as a precursor during
synthesis may take an interest in this type of study.
The equations used for comparison to theory did not take into account possible effects
due to solvent evaporation. This could be why the results in this thesis differed significantly from
theory, especially for the exponent ݊. A systematic study of the effects of solvent evaporation on
spreading liquids is needed to determine whether a correlation exists. This can be accomplished
using a cross-section of organic solvents with lower and higher vapor pressures as compared to
hexane. This could lead to more accurate modeling of spreading liquids on liquids.
Another possible explanation for deviations from theory is that the surface tension data
are inaccurate. Interfacial tensions between hexane and aqueous glycerol were extrapolated
based on studies done with heptane. Surface tensions of aqueous glycerol were obtained from a
dated and limited literature source. Direct measurement of all surface tensions, densities and
interfacial surface tensions would help resolve any deviations from theory due to inaccurate data.
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APPENDIX A
IMAGEJ SOFTWARE SETTINGS

Figure A.1

ImageJ Software Settings
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APPENDIX B

PHYSICAL PROPERTIES DATA

Table B.1 Physical Properties Data
wt%
Glycerol

vol %
Glycerol

Density

Viscosity

Surface
Tension

Surface
Tension

Interfacial
Tension

Spreading
Coefficient

Prefactor
ܭ

ߩ

ߤ

ߛ

ߛ

ߛ

ܵ/

(g/cm3)

(g/cm-s)

(g/s2)

(g/s2)

(g/s2)

(g/s2)

(cm/s3/4)

100

100

1.26108

14.100

63.4

18.4

28.3

16.7

2.30

95

94

1.24825

5.230

63.9

18.4

29.4

16.1

2.90

90

88

1.2351

2.190

64.3

18.4

30.6

15.3

3.52

80

76

1.2085

0.601

65.3

18.4

32.8

14.1

4.70

70

65

1.18125

0.225

66.2

18.4

35.0

12.8

5.75

60

54

1.1538

0.108

67.2

18.4

37.3

11.5

6.59

50

44

1.1263

0.060

68.1

18.4

39.6

10.1

7.20

40

35

1.0993

0.037

69.0

18.4

41.8

8.8

7.62

30

25

1.0727

0.025

70.0

18.4

44.0

7.6

7.87

20

17

1.0469

0.018

70.9

18.4

46.3

6.2

7.80

10

8.1

1.0221

0.013

71.9

18.4

48.6

4.9

7.51

0

0.0

0.99823

0.010

72.8

18.4

50.8

3.6

6.92
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APPENDIX C

MATLAB CODE
%developed by J Mitchell, December 2019
%import image files, convert to binary, and calculate radius for each image
clear all, close all;
info=imfinfo('20%glycerol1Binary.tif'); %input file properties
l1=length(info); %determine number of frames in file
for i=1:l1;
picture=imread('20%glycerol1Binary.tif',i); %read images from 1 to number of frames
area=bwarea(picture); %calculate the area of the binary image in pixels
radius=(sqrt(area/pi)).*(13.5./1500); %convert from pixels to cm and calculate radius
A1(i)=radius;
end
x1=[1:1:l1]; %assign number to each frame
time1=x1.*20; %assign step size to each frame in ms
info=imfinfo('20%glycerol2Binary.tif');
l2=length(info);
for i=1:l2;
picture=imread('20%glycerol2Binary.tif',i);
area=bwarea(picture);
radius=(sqrt(area/pi)).*(13.5./1500);
A2(i)=radius;
end
x2=[1:1:l2];
time2=x2.*20;
info=imfinfo('20%glycerol3Binary.tif');
l3=length(info);
for i=1:l3;
picture=imread('20%glycerol3Binary.tif',i);
area=bwarea(picture);
radius=(sqrt(area/pi)).*(13.5./1500);
A3(i)=radius;
end
x3=[1:1:l3];
time3=x3.*20;
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%create plot
sz = 30; %size of scatter plot points
scatter(time1,A1,sz,'filled', 'r') %scatter plot for first set of data in red
hold on;
scatter(time2,A2,sz,'filled', 'g') %scatter plot for second set of data in green
hold on;
scatter(time3,A3,sz,'filled', 'b') %scatter plot for third set of data in blue
title('0.62 mg/ml on 20% glycerol ')
xlabel('Time (ms)'), ylabel('Radius (cm)')
T1 = table(time1,A1);
T1(l1:1,:);
writetable(T1,'20% glycerol.xlsx','Sheet',1,'Range','A1') %write first set of data to excel
T2 = table(time2,A2);
T2(l2:1,:);
writetable(T2,'20% glycerol.xlsx','Sheet',2,'Range','A1') %write second set of data to excel
T3 = table(time3,A3);
T3(l3:1,:);
writetable(T3,'20% glycerol.xlsx','Sheet',3,'Range','A1') %write third set of data to excel
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APPENDIX D

IGOR PRO CODE

// developed 2020-02 by J J Weimer, UAH
// create a radial profile in an image
// simg: the source image
// cx, cy: center for circle in image
// rmax: maximum radius to take profile
// method:
// 1 - pixel-by-pixel with linear interpolation
// 2 - pixel-by-pixel with quadratic interpolation
// 3 - Igor Pro line profile using circular profile
Function RP_fRadialProfile(simg, cx, cy, rmax, method)
wave simg
variable cx, cy, rmax, method
// local parameters
variable ix, iy, ixmax, iymax, rpos, rposf, rposc, pmax, wfc
variable ic, r360, dnT, npts
// create/overwrite the waves and parameters to store the results
Make/D/O/N=(rmax+1) M_RadialProfile=0, M_RadialProfileWeights=0,
M_RadialFluxProfile=0
variable/G V_TotalArea, V_TotalIntensity
V_TotalArea = 0; V_TotalIntensity = 0
// use the line profile operation within Igor Pro
if (method == 3)
make/FREE/D/N=(1) xWave = 0, yWave = 0
// scale the angular resolution to the radius
r360 = ceil(360/(2*Pi))
// iterate in pixel steps through the entire radius
for (ic=1;ic<rmax+1;ic+=1)
// set the arc distance and resolution at the given radius
npts = round(360*ic/r360) + 1
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redimension/N=(npts) xWave, yWave
dnT = 360/npts
// profile equations to obtain circular profile
// acknowledgement: AG from WaveMetrics
xWave = cx + ic*cos((0 + p*dnT)*Pi/180)
yWave = cy + ic*sin((0 + p*dnT)*Pi/180)
ImageLineProfile xWave=xWave, yWave=yWave, srcwave=simg
wave W_ImageLineProfile
// sum up values along radial profile
M_RadialProfile[ic] = sum(W_ImageLineProfile)
M_RadialProfileWeights[ic] = numpnts(W_ImageLineProfile)
endfor
// set the values at r = 0
M_RadialProfileWeights[0] = 1
M_RadialProfile[0] = simg[cx][cy]
// complete the calculations
M_RadialFluxProfile = M_RadialProfile/M_RadialProfileWeights
V_TotalArea = sum(M_RadialProfileWeights)
V_TotalIntensity = sum(M_RadialProfile)
KillWaves/Z W_ImageLineProfile, W_LineProfileDisplacement,
W_LineProfileX, W_LineProfileY
return 0
else
// pixel-by-pixel method
ixmax = rmax
// outer sum over x
for (ix=1-ixmax; ix<ixmax; ix+=1)
// bound y by current x
iymax = floor(sqrt(rmax^2 - ix^2))
// inner sum over y
for (iy=1-iymax; iy<iymax; iy+=1)
rpos = sqrt(ix^2 + iy^2)
// split value between the two closest points in the radial
profile wave
rposf = floor(rpos)
rposc = ceil(rpos)
switch(method)
case 1:
// linear interpolation
wfc = rposc - rpos
break
case 2:
// quadratic interpolation
wfc = (rposc^2 - rpos^2)/(rposc^2 - rposf^2)
wfc = numtype(wfc) == 2 ? 1 : wfc
break
endswitch
// fill the weighting array
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M_RadialProfileWeights[rposf]+= (1 - wfc)
M_RadialProfileWeights[rposc]+= wfc
// fill the profile array
M_RadialProfile[rposf] += simg[cx+ix][cy+iy]*(1 - wfc)
M_RadialProfile[rposc] += simg[cx+ix][cy+iy]*wfc
// add to the total area and total intensity
V_TotalArea += 1
V_TotalIntensity += simg[cx+ix][cy+iy]
endfor
endfor
// generate normalize profile
M_RadialFluxProfile = M_RadialProfile/M_RadialProfileWeights
endif
return 0
end
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APPENDIX E

RAW DATA FOR RADIUS, TIME, RATE AND UNIFORMITY
Table E.1

Raw Data For Radius, Time, Rate, and Uniformity

Glycerol
Content
(wt %)

Maximum
Radius
(cm)

Maximum
Time
(s)

Spreading
Rate
(cm/s)

Film
Uniformity
(%)

0
0
0
0
0

4.42
4.72
4.68
4.85
4.40
4.61 ± 0.20
5.20
4.80
4.95
4.98 ± 0.20
5.47
5.38
4.97
5.27 ± 0.27
4.77
4.91
4.68
4.79 ± 0.12
4.03
4.00
3.30
3.24
3.37
3.60 ± 0.39
3.14
3.18
3.07
3.13 ± 0.056
2.33
1.92
2.57
2.27 ± 0.33
1.88
1.78
1.87
1.76
1.89
1.84 ± 0.061

0.720
0.680
0.700
0.740
0.720
0.72 ± 0.023
1.16
1.18
1.28
1.21 ± 0.064
1.20
1.20
1.20
1.20 ± 0.0
1.10
1.10
1.20
1.13 ± 0.058
1.38
1.36
1.30
1.30
1.28
1.32 ± 0.043
2.20
2.20
2.12
2.17 ± 0.046
2.82
2.94
2.82
2.86 ± 0.069
8.68
8.26
8.68
8.26
9.10
8.60 ± 0.35

6.14
6.94
6.69
6.55
6.11
6.49 ± 0.36 (5.5%)
4.48
4.80
3.87
4.38 ± 0.47 (10.7%)
4.56
4.48
4.14
4.39 ± 0.22 (5.0%)
4.34
4.46
3.90
4.23 ± 0.29 (6.9%)
2.92
2.94
2.54
2.49
2.63
2.70 ± 0.21 (7.8%)
1.43
1.44
1.45
1.44 ± 0.01 (0.7%)
0.826
0.653
0.911
0.800 ± 0.13 (16.2%)
0.217
0.215
0.215
0.213
0.208
0.214 ± 0.0034 (1.6%)

68.2
72.0
68.0
62.8
63.6
66.92 ± 3.8 (5.6%)
68.2
63.0
64.5
65.2 ± 2.7 (4.1%)
70.3
79.5
73.0
74.3 ± 4.7 (6.4%)
73.6
74.3
68.9
72.3 ± 2.9 (4.1%)
76.5
81.3
71.2
76.3
76.7
78.9 ± 3.4 (4.3)
82.4
91.4
81.8
85.2 ± 5.4 (6.3%)
83.7
90.1
85.9
86.6 ± 3.2 (3.8%)
90.2
92.2
91.0
90.4
91.9
91.2 ± 0.88 (1.0%)

20
20
20
30
30
30
40
40
40
60
60
60*
60*
60*
80
80
80
90
90
90
100
100
100
100
100
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APPENDIX F

RADIUS, TIME, AND RATE DATA AT VARYING CONCENTRATIONS
Table F.1

Radius, Time, and Rate Data at Varying Concentrations

QD
Concentration
(mg/ml)

Maximum
Radius
(cm)

Maximum
Time
(s)

Spreading
Rate
(cm/s)

0.31

4.55

0.96

4.74

0.31

5.04

0.92

5.48

0.31

5.12

1.08

4.74

4.90 ± 0.31 (6.3%)

0.99 ± 0.08 (8.4%)

4.99 ± 0.43 (8.6%)

0.62

4.42

0.72

6.14

0.62

4.72

0.68

6.94

0.62

4.68

0.70

6.69

0.62

4.85

0.74

6.55

0.62

4.40

0.72

6.11

4.61 ± 0.20 (4.3%)

0.71 ± 0.02 (3.2%)

6.49 ± 0.36 (5.5%)

1.2

4.68

0.72

6.50

1.2

5.18

0.70

7.40

1.2

5.32

0.72

7.39

5.06 ± 0.34 (6.6%)

0.71 ± 0.01 (1.6%)

7.1 ± 0.52 (7.3%)

2.5

5.07

0.74

6.85

2.5

4.98

0.70

7.11

2.5

5.10

0.68

7.50

5.05 ± 0.06 (1.2%)

0.71 ± 0.03 (4.3%)

7.16 ± 0.33 (4.6%)

56

REFERENCES

1.

Ahmad, Zubair, Mansoor Ani Najeeb, R. A. Shakoor, Shaheen A. Al-Muhtaseb,
and Farid Touati. 2018. “Limits and Possible Solutions in Quantum Dot Organic
Solar Cells.” Renewable and Sustainable Energy Reviews 82 (April 2017): 1551–64.
https://doi.org/10.1016/j.rser.2017.07.001.

2.

Bae, Wan Ki, and Jaehoon Lim. 2019. “Nanostructured Colloidal Quantum Dots
for Efficient Electroluminescence Devices.” Korean Journal of Chemical
Engineering 36 (2): 173–85. https://doi.org/10.1007/s11814-018-0193-7.

3.

Chernomordik, Boris D., Ashley R. Marshall, Gregory F. Pach, Joseph M. Luther,
and Matthew C. Beard. 2017. “Quantum Dot Solar Cell Fabrication Protocols.”
Chemistry of Materials 29 (1): 189–98.
https://doi.org/10.1021/acs.chemmater.6b02939.

4.

Kumar, D., B. Jai Kumar, and H. M. Mahesh. 2018. “Polyelectrolyte Layer-byLayer Spin Assembly of Aqueous CdTe Quantum Dot Multilayered Thin Films.”
Journal of Alloys and Compounds 735: 2558–66.
https://doi.org/10.1016/j.jallcom.2017.12.007.

5.

Shin, Sang Ho, Boyeon Hwang, Zhi Jun Zhao, So Hee Jeon, Joo Yun Jung, Ji Hye
Lee, Byeong Kwon Ju, and Jun Ho Jeong. 2018. “Transparent Displays Utilizing
Nanopatterned Quantum Dot Films.” Scientific Reports 8 (1): 1–11.
https://doi.org/10.1038/s41598-018-20869-1.

6.

Liu, Xueping, Xuejing Zhang, Ruili Wu, Huaibin Shen, Changhua Zhou, Xintong
Zhang, Li Jun Guo, and Lin Song Li. 2017. “All-Quantum-Dot Emission Tuning
and Multicolored Optical Films Using Layer-by-Layer Assembly Method.”
Chemical Engineering Journal 324: 19–25.
https://doi.org/10.1016/j.cej.2017.04.137.

7.

Ho, My Duyen, Namhun Kim, Daekyoung Kim, Sung Min Cho, and Heeyeop Chae.
2014. “CdSe/ZnS Quantum Dot Thin Film Formation by an Electrospray
Deposition Process for Light-Emitting Devices.” Small 10 (20): 4142–46.
https://doi.org/10.1002/smll.201400251.

57

8.

Keum, Hohyun, Yiran Jiang, Jun Kyu Park, Joseph C. Flanagan, Moonsub Shim,
and Seok Kim. 2018. “Photoresist Contact Patterning of Quantum Dot Films.” ACS
Nano, 8–15. https://doi.org/10.1021/acsnano.8b04462.

9.

Yang, Zhi, Minqiang Wang, Junjie Li, Jinjuan Dou, Hengwei Qiu, and Jinyou Shao.
2018. “Spray-Coated CsPbBr 3 Quantum Dot Films for Perovskite Photodiodes.”
ACS Applied Materials and Interfaces 10 (31): 26387–95.
https://doi.org/10.1021/acsami.8b07334.

10. Azzellino, Giovanni, Francesca S. Freyria, Michel Nasilowski, Moungi G.
%DZHQGL9ODGLPLU%XORYLü³0LFURQဨ6FDOH Patterning of High Quantum
Yield Quantum Dot LEDs” Advanced Materials Technologies 4 (7):
https://doi.org/10.1002/admt.201800727
11. Xu, Ji anmin, Xiaojun Ji, Kerim M. Gattas-Asfura, Chengshan Wang, Roger M.
Leblanc. 2006. “Langmuir and Langmuir-Blodgett Films of Quantum Dots.”
Colloids and Surfaces A: Physicochemical and Engineering Aspects 284–285: 35–
42. https://doi.org/10.1016/j.colsurfa.2005.11.046
12. /DPEHUW.DUHO5LFKDUG.ýDSHN0DU\QD,%RGQDUFKXN0DNV\P9
Kovalenko, Dries Van Thourhout, Wolfgang Heiss, and Zeger Hens. 2010.
“Langmuir-Schaefer Deposition of Quantum Dot Multilayers.” Langmuir 26 (11):
7732–36. https://doi.org/10.1021/la904474h.
13. Crawford, Nicholas F., and Roger M. Leblanc. 2014. “CdSe and CdSe(ZnS)
Quantum Dots in 2D: A Langmuir Monolayer Approach.” Coordination Chemistry
Reviews 263–264 (1): 13–24. https://doi.org/10.1016/j.ccr.2013.07.023.
14. Alejo, T., Pedro M.R. Paulo, M. D. Merchán, Emilio Garcia-Fernandez, Sílvia
M.B. Costa, and M. M. Velázquez. 2017. “Influence of 3D Aggregation on the
Photoluminescence Dynamics of CdSe Quantum Dot Films.” Journal of
Luminescence 183: 113–20. https://doi.org/10.1016/j.jlumin.2016.11.002.
15. Savin, S.A., and A.Yu. Dubavik. 2018. “Factors Influencing the Formation of
Langmuir Films of CdSe/ZnS Colloidal Quantum Dots.” Optics and Spectroscopy
125 (5): 777–82. https://doi.org/10.21883/os.2018.11.46844.220-18.
16. Bursa, B., K. Rytel, M. Skrzypiec, K. Prochaska, and D. Wróbel. 2018. “Thin
Film of CdTeSe/ZnS Quantum Dots on Water Subphase: Thermodynamics and
Morphology Studies.” Dyes and Pigments 155 (January): 36–41.
https://doi.org/10.1016/j.dyepig.2018.01.035.
17. Alejo, T., M. D. Merchán, M. M. Velázquez, and J. A. Pérez-Hernández. 2013.
“Polymer/Surfactant Assisted Self-Assembly of Nanoparticles into LangmuirBlodgett Films.” Materials Chemistry and Physics 138 (1): 286–94.
https://doi.org/10.1016/j.matchemphys.2012.11.058.
58

18. Martín-García, Beatriz, and M. Mercedes Velázquez. 2013. “Block Copolymer
Assisted Self-Assembly of Nanoparticles into Langmuir-Blodgett Films: Effect of
Polymer Concentration.” Materials Chemistry and Physics 141 (1): 324–32.
https://doi.org/10.1016/j.matchemphys.2013.05.017.
19. C. V. Nguyen and J. J. Weimer. 2017. “Generating a state diagram of selfassembled films of quantum dots”, SERMACS, Nov. 7-11, Charlotte, NC.
20. Dussaud, Anne D., and Sandra M. Troian. 1998. “Dynamics of Spontaneous
Spreading with Evaporation on a Deep Fluid Layer.” Physics of Fluids 10 (1): 23–
38. https://doi.org/10.1063/1.869546.
21. Dussaud, Anne D., Sandra M. Troian, and Scott R. Harris. 1998. “Fluorescence
Visualization of a Convective Instability Which Modulates the Spreading of Volatile
Surface Films.” Physics of Fluids 10 (7): 1588–96.
https://doi.org/10.1063/1.869678.
22. Bonn, Daniel, Jens Eggers, Joseph Indekeu, and Jacques Meunier. 2009. “Wetting
and Spreading.” Reviews of Modern Physics 81 (2): 739–805.
https://doi.org/10.1103/RevModPhys.81.739.
23. Mechkov, S., A. M. Cazabat, and G. Oshanin. 2009. “Post-Tanner Stages of
Droplet Spreading: The Energy Balance Approach Revisited.” Journal of Physics
Condensed Matter. https://doi.org/10.1088/0953-8984/21/46/464131.
24. Si, Yifan, Cunlong Yu, Zhichao Dong, and Lei Jiang. 2018. “Wetting and
Spreading: Fundamental Theories to Cutting-Edge Applications.” Current Opinion
in Colloid and Interface Science 36: 10–19.
https://doi.org/10.1016/j.cocis.2017.12.006.
25. Chen, Longquan, Elmar Bonaccurso, and Martin E.R. Shanahan. 2013. “Inertial to
Viscoelastic Transition in Early Drop Spreading on Soft Surfaces.” Langmuir 29 (6):
1893–98. https://doi.org/10.1021/la3046862.
26. Mitra, Surjyasish, and Sushanta K. Mitra. 2016. “Understanding the Early Regime
of Drop Spreading.” Langmuir. https://doi.org/10.1021/acs.langmuir.6b02189.
27. Gonzalez, Valeska, and Spencer E. Taylor. 2018. “Physical and Chemical Aspects
of ‘Precursor Films’ Spreading on Water from Natural Bitumen.” Journal of
Petroleum Science and Engineering 170 (March): 291–303.
https://doi.org/10.1016/j.petrol.2018.06.085.
28. Hoult, D P. 2003. “Oil Spreading on the Sea.” Annual Review of Fluid Mechanics 4
(1): 341–68. https://doi.org/10.1146/annurev.fl.04.010172.002013.

59

29. Huh, C.;Inoue, M.;Mason, S.G. 1973. “Uni-Directional Spreading of One Liquid
on The Surface of Another.” The Canadian Journal of Chemical Engineering 53.
30. Berg, John C. 1987. “The Spreading of Oil on Water in the Surface-Tension
Regime.” Journal of Fluid Mechanics.
https://doi.org/10.1017/S0022112087002969.
31. Foda, M., and R. G. Cox. 1980. “The Spreading of Thin Liquid Films on a WaterAir Interface.” Journal of Fluid Mechanics.
https://doi.org/10.1017/S0022112080001516.
32. Fay, James A. 1969. “The Spread of Oil Slicks on a Calm Sea.” In Oil on the Sea,
53–63.
33. Ross, Sydney; Paul, Becher. 1992. “The History of the Spreading Coefficient.”
Journal of Colloid and Interface Science 149 (2): 575–79.
https://doi.org/10.1016/0021-9797(92)90445-R.
34. Harkins, William D., and Aaron Feldman. 1922. “Films. The Spreading of Liquids
and the Spreading Coefficient.” Journal of the American Chemical Society.
https://doi.org/10.1021/ja01433a001.
35. Harkins, William D. 1941. “A General Thermodynamic Theory of the Spreading of
Liquids to Form Duplex Films and of Liquids or Solids to Form Monolayers.” The
Journal of Chemical Physics 9 (7): 552–68. https://doi.org/10.1063/1.1750953.
36. Joos, P, and J Pintens. 1977. “Spreading Kinetics of Liquids on Liquids.” Journal
of Colloid and Interface Science 60 (3): 507–13. https://doi.org/10.1016/00219797(77)90315-0.
37. Capelleveen, Bram F Van, Robin B J Koldeweij, Detlef Lohse, and Claas Willem
Visser. 2017. “On the Universality of Marangoni-Driven Spreading along Liquid –
Liquid Interfaces.” Arxiv.
38. Drelich, J, and J D Miller. 1999. “Spreading Kinetics for Low Viscosity N-Alkanes
on a Water Surface as Recorded by the High-Speed Video System.” Ann. Univ.
Mariae Curie-Sklodowska Sect. AA. Chem. 54: 105–15.
39. Gulf Publishing Company, 1967. “Physical Properties of Glycerine and Its
Solutions” Hydrocarbon Processing
40. Takamura, Koichi, Herbert Fischer, and Norman R. Morrow. 2012. “Physical
Properties of Aqueous Glycerol Solutions.” Journal of Petroleum Science and
Engineering 98–99: 50–60. https://doi.org/10.1016/j.petrol.2012.09.003.

60

41. Pomerantz, Philip, W. C. Clinton, and W. A. Zisman. 1967. “Spreading Pressures
and Coefficients, Interfacial Tensions, and Adhesion Energies of the Lower
Alkanes, Alkenes, and Alkyl Benzenes on Water.” Journal of Colloid and Interface
Science 24 (1): 16–28.
42. Zeppieri, Susana, Jhosgre Rodríguez, and A. L. López De Ramos. 2001. “Interfacial
Tension of Alkane + Water Systems.” Journal of Chemical and Engineering Data.
https://doi.org/10.1021/je000245r.
43. Goebel, A., and K. Lunkenheimer. 2002. “Interfacial Tension of the Water/ n Alkane Interface.” Langmuir 13 (2): 369–72. https://doi.org/10.1021/la960800g.
44. Marín, Álvaro G., Ignacio G. Loscertales, and Antonio Barrero. 2012. “Surface
Tension Effects on Submerged Electrosprays.” Biomicrofluidics 6 (4).
https://doi.org/10.1063/1.4762854.
45. MathWorks, Inc. “MATLAB R2019b” Natick, Massachusetts (2019)
46. WaveMetrics, Inc. “Igor Pro 8” Lake Oswego, Oregon (2019)
47. Mampallil, Dileep, Meenakshi Sharma, Ashwini Sen, and Shubham Sinha. 2018.
“Beyond the Coffee-Ring Effect: Pattern Formation by Wetting and Spreading of
Drops.” Physical Review E. https://doi.org/10.1103/PhysRevE.98.043107.
48. Kavehpour, Pirouz, Ben Ovryn, and Gareth H McKinley. 2002. “EvaporativelyDriven Marangoni Instabilities of Volatile Liquid Films Spreading on Thermally
Conductive Substrates.” Colloids and Surfaces A: Physicochemical and Engineering
Aspects 206 (1–3): 409–23. https://doi.org/10.1016/S0927-7757(02)00064-X.
49. Perry, R. Perry’s Chemical Engineers’ Handbook 50th ed., McGraw-Hill, New
York (1984)

61

